The geological structure of the Bełchatów area is very complicated as a result of tectonic and sedimentation processes. The long-term exploitation of the Bełchatów field influenced the development of horizontal displacements. The variety of factors that have impact on the Bełchatów western slope stability conditions, forced the necessity of complex geotechnical monitoring. The geotechnical monitoring of the western slope was carried out with the use of slope inclinometers. From 2005 to 2013 fourteen slope inclinometers were installed, however, currently seven of them are in operation. The present analysis depicts inclinometers situated in the north part of the western slope, for which the largest deformations were registered. The results revealed that the horizontal displacements and formation of slip surfaces are related to complicated geological structure and intensive tectonic deformations in the area. Therefore, the influence of exploitation marked by changes in slope geometry was also noticeable.
INTRODUCTION
The necessity of geotechnical monitoring in the western slope of the Bełchatów field was outlined mainly by the long term exploitation, which had an impact on slope stability conditions. The extension of exploitation to the deeper levels, drainage processes as well as complicated geological structure in the vicinity of the Bełchatów mining field contributed to the development of deformations [1] , [5] , [8] . The observations were conducted to detect zones of deformations and determine if movement is constant or accelerating.
Geotechnical monitoring of the western slope was carried out with the use of slope inclinometers. The inclinometer device is designed to be applied for slope deformation observation as well as dynamic control, assessment and forecasting of landslides [3] , [18] , [20] . The slope inclinometer device is used to determine the magnitude, rate, direction, depth and type of landslide movement [22] . It measures deformation normal to the axis of the borehole casing, which provides a profile of subsurface horizontal deformation. Moreover, the depth at which shear movement is detected by the slope inclinometer is the depth of the failure surface [6] , [9] , [10] , [22] .
The aim of the borehole monitoring in the western slope of Bełchatów field was to measure the displacement values and their increments as with the function of the hole depth. The points movement trajectory on selected levels, their velocities, the azimuth of the inclinometer pipe rotation were also analysed. All these measurements were designed to locate the depth of the potential slip surface and examine the direction of the deformation development [6] , [7] , [15] , [18] , [19] .
OUTLINE OF THE BEŁCHATÓW FIELD AND ITS WESTERN SLOPE GEOLOGY
The lignite (brown coal) deposit in the Bełchatów area was formed in a narrow 2.5-3 km long depression called the Kleszczów Graben. The Kleszczów Graben extends between Pilica and Warta rivers at a distance of over 80 km. It is a segmented and subsided tectonic structure limited by vertical faults dipping at an angle of about 80-90. The Kleszczów Graben was formed as a result of faulting in Alpine phase (Early Miocene) and filled with coal bearing sediments [4] , [12] , [21] .
M. CAŁA et al. 4 The Bełchatów lignite deposit is naturally divided into two parts by the presence of the Dębina salt dome: the Bełchatów and the Szczerców mining fields. The Bełchatów mining field is situated in the central part of the Kleszczów Graben (Fig. 1) between the Dębina salt dome (on the west) and Widawka fault (on the east) [11] , [16] , [21] , [25] .
The oldest sediments in the Bełchatów area are represented by evaporates (Zechstein cyclothem PZ1) that build the Dębina salt dome. The coal formation is underlaid by Mesozoic marls, sandstones, limestones, muds and sands. The Tertiary strata was subdivided into four lithostratigraphic complexes: subcoal, coal, clay-coal and clay-sand [16] . The Quaternary sedi- Inclinometer monitoring system for stability analysis: the western slope of the Bełchatów field case study 5 ments are represented by sands, muds and clays [11] , [16] , [21] , [24] , [25] .
The geological structure of the western slope is connected with the presence of the salt dome. The coal bearing formation was folded, dislocated and brecciated as a result of compression, bending and flowing connected with formation of the salt dome [14] . The main structure in this area is an anticline built of coal and subcoal complexes (Fig. 2) . The axis plane of the anticline is tilted at an angle of 30 on the east [4] .
THE MONITORING OF SUBSURFACE DISPLACEMENTS

SLOPE INCLINOMETER MEASUREMENTS
Generally, the measurements of the horizontal displacement along various points on a borehole are executed in three steps [6] , [9] :  the first step -the measurement with noninstrumented probe, aimed to check the borehole patency,  the second step -the measurement with instrumented probe in the A-A reference direction (the direction of probable maximum displacement),  the third step -the measurement with instrumented probe in the B-B reference direction perpendicular to A-A.
The inclinometer probe does not provide horizontal movement of the casing directly. The probe measures the tilt of the casing which can be converted to a horizontal movement (Fig. 3) . The angle  is the angle of tilt measured by the inclinometer probe, and L is the measurement interval. The deviation from vertical is determined by the sine function and expressed as follows [6] , [9] , [22] deviation from vertical = L  sin .
(1) Furthermore, the total horizontal displacement is achieved by summing up the individual lateral deviations from the bottom of the casing to the top. The summation process is described in Fig. 3 and could be shown as
THE SUBSURFACE DEFORMATION ANALYSIS
The slope inclinometers were installed in 2005, when Ist level of the Bełchatów western slope was made at the coordinate of +198/+176 m.a.s.l. Along with the exploitation progress some of the inclinometers were abandoned and new were installed. From 2005 to 2013 fourteen measuring positions were located (Fig. 4 , Table 1 ) on the western slope -currently seven slope inclinometers are still active [5] . The analysis of measurements from three inclinometers (in gray in Table 1 ) is described below. The inclinometers are situated in the north part of the western slope, for which the largest deformations were registered. They were also installed on different mining levels, however arranged to form approximately one line (Figs. 4, 5, 6). Consequently, it is possible to evaluate the slip surface location across the entire western slope from SW to NE direction.
Geological situation in the analysed region is outlined in cross-sections Ia' and Ib' (in green in Fig. 4 and Figs. 5, 6). The total horizontal displacement values as a function of the pipe depth for each inclinometer are presented in graphs (Figs. 7, 9, 11) . Results shown in graphs were correlated with the geological profiles. The aim of the analysis was to identify the potential slip surface levels and the direction of the possible further movement. Inclinometer monitoring system for stability analysis: the western slope of the Bełchatów field case study The analysis of the geology in the vicinity of the inclinometer borehole was necessary in order to explain the possible mechanism of slip surface formation. The coal layer has a stiffness different from surrounded sediments. It also has a low density (c.a. 1100-1600 kg/m 3 ) and high moisture content (even c.a. 120%). All of these factors give favourable conditions to the occurrence of the slip surface. The presence of the clay and coal-bearing clay layers encourages the most favorable conditions for slip surface Inclinometer monitoring system for stability analysis: the western slope of the Bełchatów field case study 11 level. The direction of layers dipping is determined by the salt dome contour (from the SW direction) and 2nd main fault of the Kleszczów Graben (from the NE direction). All layers reflect the shape of the Cretaceous sediments, which aids the probability of landslide occurrence. As a result of tectonic deformations, sediments that filled Graben between 2nd northern (UNB No. 2) and 3rd northern main fault (UNB No. 3) are characterised by more horizontal surface, which can limit the depth of potential slip surfaces (Fig. 5) . (Fig. 6) . For the inclinometer No. 1737BBis/IN-9W the largest deformations were observed between July 2010 and October 2013, when total horizontal displacement reached value c.a. 13.0 cm on the ground surface level and at a depth of 5.0 meters below the installation level, where potential slip surface was examined (Fig. 11) . Moreover, between May 2011 and October 2013 the total horizontal displacement reached value 6.0 cm on the ground surface level. Furthermore, it should be pointed out that two potential slip surfaces for which the highest increase in displacement was noticed are correlated with the mining activities on certain levels (Figs. 5, 6, 10 
CONCLUSIONS
The data examined showed that horizontal displacements are strongly associated with the complicated geological structure and intensive tectonic deformations in the area of the Bełchatów mining field. The maximum value of the total displacement registered in the western slope area between 2007 and 2010 reached c.a. 25 cm and was related to the occurrence of the fault plane. The analysis of measurement results revealed that fault zones are more prone to formation of slip surfaces. Moreover, the potential slip surfaces were mainly registered in coal, coal-bearing clay and clay layers. The formation of slip surfaces is connected with the difference in density and stiffness between coal layers and surrounded sediments. Nevertheless, the influence of exploitation displayed by changes in the slope geometry was also noticeable.
Factors described above have impact on the western slope stability conditions. Conducted observations enabled detection of movements and determination of the movement activity. Therefore, further geotechnical monitoring of the western slope in the Bełchatów mining field is recommended, particularly in the light of plans connected with the extension of exploitation to the deeper levels.
